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In the drive towards efficient and commercially viable dye-sensitised solar cells,
there is an increasing requirement for alternative electrolyte materials that can
replace the volatile and toxic molecular solvent-based systems. Ionic liquids offer
a promising alternative as their non-volatility, good electrical and thermal
stability and non-flammability, in addition to the ability to tailor their physical
properties through structural manipulation, make them ideal for electrochemical
applications. Alternatively, plastic crystals are an attractive solution to the
problems of leakage that can be associated with liquid electrolytes. This review
discusses the development of these new electrolytes from the perspective of two
key parameters; diffusion of the I/I3 redox couple through the different
materials, and the influence that they can have on the energy levels within
the device.
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1. Dye-sensitised solar cells
There can be little doubt that one of the greatest challenges currently facing mankind is
our constantly increasing energy demands. It must be equally clear that continued
greenhouse gas emissions must not continue; the global atmosphere cannot indefinitely
accept greenhouse gas emissions without severe environmental consequences. While it is
unlikely that there will be any single solution to this challenge, the abundance of solar
energy across the majority of globe makes this is an unrivalled renewable energy resource.
Thus, the development of technologies that allow us to effectively harvest and use this
energy, and to deliver it directly to the point of demand, is paramount.
While there are a variety of different photovoltaic materials and devices being
intensively researched, the most widely recognised and commercially available systems are
based on silicon, where the photovoltaic junction utilises holes from an n-type material and
electrons from a p-type material; these minority charge carriers must then be transported
to the interface before recombination with the majority charge carriers. The recombination
losses are minimised by interface morphology and optimisation of the purity and
crystallinity of the semiconductor, which contributes considerably to the cost of the device.
In contrast, within a dye-sensitised solar cell (DSSC), first reported by O’Regan and
Graetzel [1], the electron that comes from the photo-excited dye is injected into a
semiconductor layer that is separate from the dye and the electrolyte (Figure 1), thereby
decreasing the recombination losses. Furthermore, there is likely to be less restriction on
the purity of the materials, which may be an advantage in terms of material costs.
Within a DSSC, there is a sequence of electron transfer steps that equate to the direct
conversion of sunlight to passage of electricity through an external circuit. At the anode,
consisting of the semiconductor (typically nanostructured TiO2) coated with a
photosensitiser dye, absorption of light by the dye (S) results in formation of the excited
state (S*). This excitation process typically occurs in the femtosecond time domain.
S ðdyeÞ þ hv! S photo exitation
The excited state dye molecule can then inject electrons into the conduction band of the
TiO2, which typically occurs on a femtosecond–picosecond timescale;
S ! Sþ þ eðcb TiO2Þ electron injection:
However, the dye molecule may also decay back to the ground state without the
required electron injection, within picoseconds, and this is one of the loss mechanisms
within the device;
S ! Sþ hv emission:
The subsequent desirable process is the transport of the injected electrons through the
semiconductor particles to the anode, where they can then travel to the counter
372 J. M. Pringle and V. Armel
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electrode (cathode). However, the electron can be lost through recombination with the dye
or the redox electrolyte; these loss mechanisms occur on a microsecond timescale and must
be minimised for full optimisation of device performance.
Upon injection of the electron into the conduction band of the TiO2, the oxidised dye is
rapidly (tens of nanoseconds) reduced back to the ground state by the donor (commonly
iodide) within the redox electrolyte:
2Sþ þ 3I ! 2Sþ I3 dye regeneration
while the electron arriving at the counter electrode, which encompasses an electrocatalytic
material such as Pt or PEDOT [2–5], is then able to reduce the triiodide, on a microsecond
timescale, thus completing the electrical circuit:
I3 þ 2e ! 2I iodide regeneration:
Thus, there is a complex array of inter-related components within a DSSC that require
optimisation for the ultimate device efficiency, and it is often a non-trivial process to
separate these different processes and identify the key loss mechanism. The efficiency, , of
a DSSC is characterised in terms of a number of key parameters:
 ¼ Isc  Voc  FF=Is  100,
where IS is the light intensity, Isc is the short-circuit current, FF is the fill factor and Voc is
the open circuit voltage. The fill factor is defined as ImaxVmax/IscVoc.
The open circuit voltage, Voc, of a DSSC is the maximum voltage obtained at zero
current. This maximum potential output obtainable is the difference between the Fermi
level of the TiO2 and the chemical potential of the redox electrolyte. Thus, as will be
discussed further, a negative shift of the conduction band edge of the TiO2 is beneficial for
the Voc, but eventually to the detriment of the Isc. The Isc of the DSSC is the maximum
TCO
 glass
Electrocatalytic
layer
Photosensitiser on 
nano-structured TiO2
CathodeAnode
Sealant
Max 
voltage
Dye
hn
Fermi level
Anode Cathodee–
Figure 1. (Colour online) Schematic representation of the structure and energy levels within a
DSSC.
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current through the load under short-circuit conditions, i.e. at zero potential difference.
This parameter depends on the difference in energy levels between the HOMO and LUMO
of the photosensitiser, the energy gap between the LUMO of the dye and the conduction
band of the TiO2, the diffusion of the redox couple through the electrolyte, etc. The
quantum yield of photocurrent generation is evaluated by measurement of the incident
photon to current conversion efficiency (IPCE) using a monochromatic light, this is
typically over 80% for a good DSSC and can be as high as 90%.
One of the additional advantages of the DSSC technology over the traditional silicon-
based systems is the potential to make the devices on flexible substrates, allowing lower
cost production using reel-to-reel processes and further increasing their range of practical
applications. However, while the photovoltaic efficiencies of DSSCs have increased
steadily in recent years, with efficiencies of over 11% reported for devices utilising glass
substrates and molecular solvent-based electrolytes [6–9], the long-term stability and
device performance still require significant improvement before their wide-spread
commercialisation and its use can become a reality.
One of the key components of a DSSC, and possibly the one that has the biggest
influence on device stability, is the electrolyte. While incorporation of the I/I3 redox
couple within molecular solvent systems such as those based on acetonitrile/valeronitrile
gives the best device efficiencies, the high vapour pressure can result in solvent
evaporation, which is exacerbated by solar heating. Reaction of water or oxygen (if the
solar cell is not perfectly sealed) will significantly reduce the device performance and
lifetime, while permeation through plastic substrates can also be a concern. Thus, there is
considerable motivation for the development of non-volatile electrolyte systems, such as
those based on ionic liquids (ILs) or plastic crystals (Figure 2) [10–14], while the
electrochemical and thermal stability and non-flammability that such materials can
possess are added advantages that have seen their increased use in other electrochemical
devices, such as lithium batteries [15–18]. While the efficiencies of these DSSCs initially
lagged considerably behind their molecular solvent-based counterparts, they have
improved rapidly in recent years, with efficiencies now over 8% for IL DSSCs and over
5% for plastic crystal-based devices [19–21]. The predominant driver of research in this
area has been the development of low-viscosity ILs, to reduce the diffusion limitation of
the redox couple through the electrolyte and thus optimise the current. However, IL and
plastic crystal-based electrolytes are complex systems, often comprising multiple compo-
nents and exhibiting non-trivial diffusion and conductivity mechanisms, and the influence
of these new electrolyte materials on the numerous, interrelated parameters that equate to
DSSC device efficiency is still poorly understood. One of the restrictions in this area is that
the range of materials investigated is still relatively limited. Thus, the purpose of this article
is to discuss the research that has been done by ourselves and others in this area,
encompassing a variety of different IL and plastic crystal materials. The influence of these
materials on two primary parameters is discussed; the transport properties through these
materials, in particular the diffusion of the I/I3 redox couple, which has a direct influence
on the current attainable from the DSSC, and the influence that the nature of these
different materials can have on the electron energy levels within the device, which impact
on the maximum voltage that can be achieved. In both cases, we discuss these parameters
with respect to the pure ILs before considering the transport and energy in the systems
containing the redox couple.
374 J. M. Pringle and V. Armel
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2. ILs and plastic crystals
The synthesis and use of ILs (Figure 2) have grown extraordinarily since the first report of
air and water stable species in 1992 [22], with a variety of materials now commercially
available at relatively low cost. Their increased use is primarily driven by recognition of
Figure 2. The structure and nomenclature of cations and anions commonly utilised in ILs and
OIPCs, and the molecular plastic crystal succinonitrile.
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their advantageous physical properties, which can include low vapour pressures, high
temperature stability, high conductivity and moderate viscosities [23–27]. Defined simply
as salts that melt below 100C [28], the physical properties of ILs can, to a certain extent,
be designed by judicious choice of anions and cations, both of which can significantly alter
the viscosity, conductivity, thermal behaviour, etc., of the material. Hence, different ILs
are now used in electrochemical devices such as batteries [15–18] or thermogalvanic cells
[29] and to replace volatile organic solvents in a variety of reactions/processes as an
ecological friendly, ‘greener’ alternative [30,31].
In parallel to the IL field, the combination of certain cations and anions, particularly
those with a high degree of symmetry, can form higher melting salts that exhibit various
forms of disorder and therefore exhibit plastic mechanical properties [32]. Such materials
are termed Organic Ionic Plastic Crystals (OIPCs). While molecular plastic crystals such as
succinonitrile have been known since the 1960s [33,34], the ionic species are a relatively
new type of material and their plasticity and intrinsic ionic conductivity makes them of
significant interest as solid-state ion conductors [35,36]. Further to their intrinsic ionic
conductivity, the addition of a small amount of another component, such as a lithium salt
for use of the material as a lithium battery electrolyte [36–38], or I/I3 for use in the
solar cell [20,21,39–43], can produce orders of magnitude increases in conductivity
[32,35,44,45]. The plastic phase is reached via one or more solid–solid phase transitions,
such as those shown in Figure 3 for the OIPC N-ethyl-N-methylpyrrolidinium
bis(trifluoromethanesulfonyl) amide [45,46] and the molecular plastic crystal succinonitrile
[21,39]. The solid–solid phase transitions represent the onset of molecular/ionic rotations,
which effect the change from a low-temperature-ordered phase to a more disordered phase
as the temperature increases. For example, in succinonitrile, the solid–solid phase
transition represents a change from a monoclinic structure, where the molecules are in the
gauche conformation, to a body-centred cubic structure where the succinonitrile exists in
the two gauche and one trans-isomer conformations. In this plastic phase there is disorder
Figure 3. Thermal behaviour of archetypal plastic crystals: (a) the molecular plastic crystal
succinonitrile and (b) the OIPC N-ethyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)
amide, [C2mpyr][NTf2].
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within the structure as a result of the trans-gauche isomerisation and also movement of the
molecules from one diagonal position of the cubic structure to another [47]. It has been
proposed that in the plastic phase, the trans-isomer acts as an ‘impurity’, creating
vacancies that enhance molecular diffusivity [34]. Thus, in both molecular and OIPCs, the
solid–solid phase transitions effect the change from a fully ordered state at low
temperatures to more disordered state exhibiting some of the motional and thermody-
namic features of the liquid state as the temperature is increased; hence the final entropy of
melt of these materials is commonly low (DSf5 20 JK
1mol1). The malleability of these
materials is advantageous for their use in electrochemical devices such as batteries or solar
cells, as they are less prone to loss of contact with the electrodes as result of temperature-
induced volume changes. Furthermore, the plastic crystal materials that melt at accessible
temperatures should be mechanically printable, which is a key property for the reel-to-reel
production of DSSCs, and the organic ionic species exhibit negligible vapour even above
their melting point. Thus, plastic crystals represent an interesting type of solid-state
electrolyte material for DSSCs; these, along with quasi-solid state electrolytes, such as
those formed from ILs with polymers and/or inorganic nanoparticles, have significant
potential advantages in terms of reduced leakage and extended device lifetimes.
3. Transport properties
3.1. Pure ILs
The relationship between the viscosity and the conductivity of neat ILs can be analysed
through development of a Walden plot [48]; this provides valuable information relating the
degree of ionic association within the liquid [49]. For infinitely dilute electrolyte solutions,
the Walden product [13,14], the product of the molar conductivity and solvent viscosity, is
a constant expressed by ¼ k, where  is the molar conductivity,  is the viscosity and k
is a temperature-dependant constant. Thus, this predicts that a ‘Walden plot’ of log
versus log 1/ gives a straight line of unit slope. Using this plot allows assessment of this
relationship for ILs, compared to the behaviour of a completely dissociated reference
electrolyte (typically 0.01M KClaq) which provides a so-called ‘ideal line’. This allows
qualitative assessment of ion association such that any downward deviation from the ideal
line indicates the presence of ion pairs or aggregates or the low dissociation of ions.
Depending on their position on the Walden plot (Figure 4(a)), Xu et al. [50] have proposed
a classification of ILs: superionic (above the line), poor (at least an order of magnitude
below the line) or good (close to the line). Most aprotic ILs lie between the ideal line and
the 10% line (Figure 4b), depending on their structure, and hence ionicity [49], whereas
most protic ILs lie well below the line as a result of incomplete proton transfer [51,52].
Thus, even for neat ILs, the relationship between fluidity and conductivity is not trivial,
and depends on the extent of ion pairing within the material.
Pure iodide salts and their mixtures (C6mim][I], [C3mim][I] and a mix of [C1mim][I],
[C2mim][I] and [Callylmim][I]), which have recently been used within DSSC electrolytes, all
lie on or near the 10% line on the Walden plot [53] (not the ideal line), which indicates that
the materials are displaying only 10% of the molar conductivity that they would exhibit if
they behaved as ideal dissociated electrolytes [16]. However, although the ternary mixture
has a melt below room temperature, low viscosity and a conductivity nearly three times
that of the [C3mim][I] [53], making it a promising alternative iodide source, the
International Reviews in Physical Chemistry 377
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conductivity of the mixture is still consistent with its viscosity. This is in contrast to the
behaviour of the electrolytes of these materials with added I2, as discussed further below.
It is also worth noting that predicting the viscosity behaviour of binary or ternary IL
sytems is not trivial, even before the complexities involving the additional iodine are
introduced.
3.2. IL electrolytes
Within a DSSC, oxidation of the iodide to triiodide occurs at the photoanode, and this
must then migrate to the counter electrode to be reduced, thus there must be sufficient
diffusion of the redox species through the electrolyte system to compensate for the
continued depletion of the iodide and triiodide at the anode and cathode, respectively. It is
this diffusion that is often the current-limiting process within IL or solid-state DSSCs, and
not the ionic conductivity of the electrolyte, and hence it is important to understand and
optimise this parameter.
DSSC electrolytes comprising the I/I3 redox couple are synthesised by the addition of
iodine to an electrolyte containing an iodide salt thus; Iþ I2 !  I3 , and at increased
iodine concentrations the electrolyte may also contain higher iodides, I5
, I7
, etc. The
first study of the use of an IL in a DSSC utilised the lowest melting of the imidazolium
iodide salts (1-hexyl-3-methylimidazolium iodide, [C6mim][I]), diluted in either a molecular
solvent or an electro-inactive triflate IL ([C4mim][Tf]), and noted that the diffusion in the
IL system was more than 16 times higher than would be expected simply on the basis of
electrolyte viscosity [54]. The variation of diffusivity with viscosity of an electrolyte can
normally be related by the Stokes–Einstein ratio (D/T), but in this IL system a significant
deviation from Stokesian behaviour was observed. As proposed in this initial study, this
anomaly is now understood to result from a change in the mass or charge-transfer
mechanism, with increasing iodide concentration, to a Grotthus-type mechanism thus;
I þ I3 ! I    I2    I ! I3 þ I,
lo
g 
(eq
uiv
ale
nt 
co
nd
uc
tiv
ity
)
log (fluidity)
Superionicliquids
Superionic glasses
Grotthus and other 
mechanisms
Good ionic 
liquids
Aqueous KCl
calibration point
Poor ionic 
liquids
High vapour pressures
Temperature
dependant
ion pairing
(a)
(b)
Figure 4. (Colour online) (a) Classification diagram based on the Walden rule. Redrawn from
reference [51] and (b) the position of a selection of ILs on the Walden plot [49], reproduced by
permission of the PCCP Owner Societies.
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where the triiodide approaches the iodide and forms an encounter complex, which then
releases an iodide ion from the other end. By this mechanism, the triiodide is displaced by
ca. 2.9 A˚ (the length of an I–I bond) without physically having to move that distance.
The diffusion of iodide/triiodide through an IL can be analysed using a number of
different experimental techniques [2,55], and such studies are imperative in enhancing our
understanding of the effect of the IL on this key parameter. For example, in a setup similar
to that of the DSSC assembly, a symmetrical cell can be constructed using two TCO glass
electrodes separated by a spacer (e.g. 25 mm Surlyn, Figure 5a); the advantage to this setup
is that steady-state conditions are relatively easily obtained (Figure 5b). Note that if the
cyclic voltammogram of the iodide/triiodide system is taken to higher potentials, the
subsequent reaction I3 ! 3/2 I2þ e can be observed; thus, two-step cyclic voltammo-
grams are often depicted in the literature, such as in the characterisation of new counter
electrode materials [56].
The diffusion coefficient, D, of the limiting species can then be calculated from the
steady-state current of the oxidation and reduction process using the following
equation [57]:
Iss ¼ 2nFADc
l
,
where c is the concentration of the redox species, n is the number of electrons transferred,
F is the Faraday constant, A is the cross-section of the enclosed electrolyte and l is the
distance between the two electrodes. Adjusting the concentration of the different redox
species thus allows the diffusion of either the iodide or triiodide to be measured.
There are also a range of alternative experimental setups that can be used, such as the
use of a microelectrode [58,59], in combination with a suitable counter and reference
electrode. When a microelectrode working electrode is used, the limiting current is given
by [57]:
Ilim ¼ 4nFDcr,
where r is the dimension of the electrode. Zistler et al. [60] compared four different
methods for measuring the diffusion of triiodide in an IL mixture; impedance spectroscopy
or polarisation measurements using thin-layer cells and cyclic voltammetry or
Platinised TCO glass
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Figure 5. (Colour online) Electrochemical determination of the diffusion coefficient of iodide or
triiodide in an IL. (a) A symmetrical cell setup and (b) an example of thin-layer voltammetry under
steady-state conditions (scan rate 5mV s1) showing the limiting current for the oxidation and
reduction processes [20].
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chronoamperometry at microelectrodes. Impedance spectroscopy was concluded to be the
least accurate and most time consuming, although all the methods gave largely
reproducible and concordant results, with a standard deviation of only about 2%.
As the concentration of the [C3mim][I] in the [C4mim][BF4] was increased, from 10 to
100wt%, the viscosity of the electrolyte mixtures increased significantly (almost 1000%),
as a result of the high viscosity of the iodide salt. However, the measured diffusion of the
triiodide decreased only slightly (ca. 30%), from 1.8. to 1.4 107 cm2 s1 (from the
polarisation method) or from 1.65 to 1.25 107 cm2 s1 from the microelectrode analysis
[60]. This significant variation of the Einstein–Stokes ratio from Stokesian behaviour
exemplifies the significant effect of the Grotthus-type mechanism in the fast ion transport
of the triiodide in the IL systems. This magnitude of D (I3 ) is typical of IL electrolyte
systems, with almost all of the values reported being in the order of 107 cm2 s1 [14].
Those with the fluid [B(CN)4] anion can achieve just over 7 107 cm2 s1 [61], while those
composed of more viscous ILs are only ca. 2 107 cm2 s1. However, comparison of the
measured diffusion coefficients in a range of different ILs shows no strict dependence on
the viscosity of the neat IL (Table 1) [62]. This suggests an influence of the nature of the IL
on the Grotthus mechanism of I/I3 diffusion through these materials, as discussed
further below.
The contribution of the Grotthus mechanism in these IL electrolyte systems can be
assessed by calculating the difference between the diffusion coefficient, D, predicted from
the Stokes–Einstein equation;
D ¼ kBT
6r
,
where kB is the Boltzman constant, T is the temperature (K),  is the viscosity of the
electrolyte and r is the hydrodynamic radius for triiodide (2.1 A˚), with the measured
diffusion coefficient.
Table 1. Comparison of the viscosities of the pure ILs, at 25C, with the diffusion of I and I3 in the
electrolyte mixture composed of different ILs (or acetonitrile) at room temperature [62].
IL, with I (2.5M)
and I3 (0.125M)
Viscosity of pure IL,
25C (mPa s) 0.1
Diffusion ( 5%)
D (I)/107 cm2 s1 D (I3 )/10
7 cm2 s1
Acetonitrile 0.369 [63] 59 47
[C2mim][N(CN)2] 19 2.6 4.9
[C2mim][B(CN)4] 21 3.1 4.7
[C2mim][SCN] 21 2.6 4.9
[C2mim][NTf2] 33 2.9 4.7
[P222 (1 0 1)][NTf2] 35 2.1 4.1
[C2mim][BF4] 38 2.3 4.6
[P222 (2 0 1)][NTf2] 44 2.0 2.5
[P1224][NTf2] 71 1.9 2.2
[N1123][NTf2] 101 1.6 1.5
[N2226][NTf2] 167 [64] 1.7 1.8
Notes: Measured using cyclic voltammetry in a three-electrode set up, with a Pt microelectrode
working electrode, a Pt wire counter electrode and a Ag or Pt wire reference electrode.
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For example, the Stokes–Einstein equation predicts D (I3 ) in [P222(1 0 1)][NTf2] (Table 1)
to be ca. 1.2 107 cm2 s1, which is lower than the measured diffusion coefficient by
approximately a factor of 4 [62].
Cao et al. [53] have proposed a modified Stokes–Einstein equation to quantify this
difference; from the Einstein relation D¼ abs kBT, where abs is the absolute mobility of
ions, it is then proposed that the Stokes–Einstein equation can be modified, thus [53]
conv ¼ zie0ð1þ PÞ
6 rH
,
where conv is the conventional mobility (conv¼ zie0 abs, zi is the electrical charge of the
ith species, e0 is the elemental electron charge), rH is the effective hydrodynamic radius,  is
the viscosity and  is the degree of decoupling of the ions. Thus, P reflects the coupling of
transport via the Grotthus-type bond exchange and the physical diffusion [53]. Analysis of
a series of imidazolium iodide-based electrolytes using this relationship revealed
an increase in P with the density of the melts; [C1mim][I]/[C2mim][I]/[Callylmim][I]/I2
(4/4/4/1)4 [C3mim][I]/I2 (12/1)4 [C1mim][I]/[C2mim][I]/[C2mim][SCN]/I2 (6/6/8/1)4
[C3mim][I]/[C2mim][SCN]/I2 (12/8/1). Thus, an increase in the packing density of the
iodide appears to enhance the Grotthus mechanism. Furthermore, the authors calculated
that contribution of Dex to the overall diffusion is over 79%.
Analysis using an ultra-microelectrode technique has allowed the contribution of the
physical diffusion (Dphys) and the exchange reaction-based diffusion (Dex) to be separated
[58,65]. Starting from the relationship Ilim¼ 4nFDcr, where n¼ 2 for the I/I3 system and
D in this case is the apparent diffusion coefficient, a sum of the two different diffusion
processes, the apparent diffusion coefficient can be calculated using the Dahms–Ruff
equation [66,67];
Dapp ¼ Dex þDphys ¼ 1
6
kex
2cþDphys,
where kex is the exchange-reaction rate constant and  is the centre-to-centre inter-site
distance at the exchange reaction.
Thus, the limiting current can then be broken down into [58]
Ilim ¼ 8FrcðDphys þDexÞ ¼ 8Fr Dphyscþ 1
6
kex
2c2
 
:
From this relationship, it is evident that if only a physical diffusion process was occurring
in the I/I3 IL system then a first-order relationship between the limiting current and the
concentration would be observed. However, when there is conjugated physical diffusion
and electron exchange reactions, the relationship between the limiting current and the
concentration becomes second order [58]. Thus, Kawano and Watanabe [65] have
shown that at low concentrations of the redox couple (0.01M), the contribution of Dex is
small (ca. 109 cm2 s1) compared to the physical diffusion (ca. 107 cm2 s1). However,
when the redox couple concentrations are high (1.0M), and iodide and triiodide
concentrations are similar, then Dex dominates (up to 9.4 107 cm2 s1 in the system
studied).
It is important to note that this is not simply an effect of the high concentrations of
redox couple; comparison with a molecular solvent system (polyethylene glycol
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dimethylether, PEGDE, MW 500), which has a similar viscosity to the IL, showed that the
same relationship is not observed [65]. Both systems showed similar Dphys, as would be
expected for media with similar viscosities, but the charge transport based on the exchange
reaction was only observed in the IL. This is also reflected in the poor performance of the
molecular solvent in the DSSC, with the Isc obtained from the IL system almost twice that
measured using the molecular solvent system, with the same redox concentration in both
solvents. It is postulated that the presence of the exchange reaction-based diffusion in the
IL, but not in the molecular solvent, is a result of the high ionic strength of the former.
Indeed, this exchange reaction has been observed in only concentrated (5M) aqueous
solutions [67], an ion concentration similar to that of many pure ILs. It is interesting to
note, however, that enhanced diffusion of the I/I3 is also observed in molecular plastic
crystal systems, as discussed below. This is possibly a reflection of the high ionic
concentration also within these electrolytes (0.5M [C4mpyr][I] and 0.1M I2) or may
suggest the presence of regions of high local concentrations of I/I3 within the solid-state
matrix.
Predominantly, investigations into the use of IL electrolytes have concentrated on
binary systems; the combination of an electroactive iodide (normally [C3mim][I] as this has
the lowest viscosity of the imidazoliums described to-date) with a low viscosity non-
electroactive IL provides a balance between the high I/I3 concentrations required for
operation of the solar cell and for high Dex, while also lowering the viscosity to enhance
Dphs [68–71]. For this reason, much of the research into the use of ILs in solar cells has
focussed on developing the least viscous systems, as it is generally accepted that it is the
diffusion of the triiodide through the DSSC electrolyte that is the limiting factor in these
devices. However, as discussed further below, the impact of different electrolytes on the
energetics of the DSSC should not be overlooked. Furthermore, the influence of the nature
of the IL on Dex is a parameter that warrants further investigation.
When analysing the transport behaviour in IL-based electrolyte systems, it is
interesting to consider the position of these media on the Walden plot. As discussed
above, the Walden plot helps elucidate the relationship between conductivity and viscosity
for neat ILs, and indicates the extent of ion association within the materials. Thus, it is
interesting to consider whether the relative positions of the neat ILs on the Walden plot
might be a predictor of the relative rates of diffusion of I/I3 through the materials; while
Dphys will depend on viscosity, Dex may also be influenced by physical characteristics of the
ILs, such as the extent of ionic interactions, which are also reflected in these plots.
However, this requires further investigation, and analysis of published data for the existing
IL electrolyte systems is complicated by the use of different electrolyte compositions,
which will also have a significant effect on the transport properties.
Plots of IL electrolytes comprising the N-methyl-N-allylpyrrolidinium cation, with
iodide, nitrate, dicyanamide and thiocyanate anions, in combination with iodine and
typical DSSC additives, show that these lie much closer, and even above the ideal line [72]
compared to the pure ILs. As these electrolyte systems, which contain the I/I3 couple,
display conductivity (Grotthus) mechanisms that are not related to the viscosity of the
medium, one would expect conductivities higher than would be predicted based entirely on
their viscosity, hence their position above the line. The same behaviour is observed in ILs
utilising tetrahydrothiophenium-based ILs with the [N(CN)2] and [C(CN)3] anions [73]; on
the Walden plot, these lie above the ideal line at low temperatures. The original proposal
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of the Walden plot (Figure 4(a)) [48,51] predicted that the Grotthus mechanism would
result in lines well above the ideal, with gradients less than 1. Interestingly, for the IL
electrolytes studied, the lines are only slightly above the ideal at low temperatures.
Futhermore, as the slope of the line for these systems is indeed smaller than 1, the systems
become closer to the ideal line [72], or cross over it [73], at higher temperatures. It has been
postulated that at higher temperatures, the impact of the charge-transfer mechanism (Dex)
is lower as the decreased viscosity has enhanced the relative contribution of Dphys [74]. The
gradient of the electrolyte lines, , is given by the modified Walden rule ¼ constant
[50]. The gradients for the allyl salts decrease in the order of NO35SCN5N(CN)2,
although the difference is not substantial [72].
A eutectic mixture of [C1mim][I], [C2mim][I], [C2mim][B(CN)4] and I2 has recently been
reported, which exhibits low viscosity, high conductivity and fast triiodide diffusion [75].
This mixture, and three other imidazolium iodide-based melts tested, also lie just below, on
or above the ideal line on the Walden plot [75], while the neat [C2mim][B(CN)4] lies slightly
below the line. This IL had previously shown excellent performance in DSSCs as a binary
mixture with [C3mim][I] [69], and is reportedly more stable that the thiocyanate,
tricyanomethide, selenocyanate or tetracyanoborate analogues [75].
Unlike the pure IL systems (Figure 4(b)), as the IL electrolyte systems do not obey
D¼ kT/6r, the gradients of the lines on the Walden plot are different to those of the
ideal line, which has a gradient of 1, and they can also depend on the electrolyte
composition. In an ideal system, the Walden product for a particular solute is essentially
independent of the nature of the solvent. However, for the same iodide/triiodide salt
composition in an IL-based electrolyte, their position on the Walden plot appears to
depend to a certain extent on the nature of the IL. This is possibly related to the different
degrees of ion pairing within the solvents, in the same way that it is in the neat systems, or
on the strength of interaction between the IL and the I/I3 , both of which may also
influence Dex. The density of the electrolyte, and thus the packing of the I
/I3 , may also
play an important role in determining the contribution of Dex [53]. It is assumed that, as
the Grotthus mechanism involves the collision between two negatively charged ions
(I and I3 ), this will be enhanced by a highly ionic environment that can shield the
charges, and this observation is consistent with the fact that such mechanisms are not
observed in molecular systems until the salt concentration is very high [65,67]. This
suggests that the high ionic strength of the IL imparts additional benefits over molecular
solvents, which are quite significant in terms of DSSC performance, and the ability to
choose or design IL systems that optimise the Grotthus mechanism, through further
enhancement of Dex, would be highly beneficial for electrolyte optimisation.
3.3. Quasi-solid state electrolytes
In the drive to address the potential leakage problems associated with any liquid
electrolytes, including ILs, there is considerable interest in the development of solid-state
alternatives. One strategy is the solidification of ILs, through incorporation of either a
polymer or inorganic component [42,76–87]. The key to the success of such electrolytes is
the ability to maintain sufficient diffusion of the redox couple through the material upon
solidification, to avoid significant current losses. This was first demonstrated by Wang
et al. [83] who showed that the IL [C3mim][I] can be incorporated into a
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poly(vinylidenefluoride-co-hexafluoropropylene) matrix, with the I and I3 diffusion
coefficients in the resultant gel material the same as for the liquid electrolyte. It was thus
suggested that liquid channels form within in the polymer matrix, enabling I/I3 diffusion
via the same mechanism as occurs in the liquid material, and hence no decrease in device
efficiency (5.3%) was observed [83].
An IL moiety can also be incorporated into the polymer backbone, such as poly(1-
oligo(ethylene glycol) methacrylate-3-methylimidazolium chloride), which has been used
to solidify ILs ([C6mim][I], or a binary mixture of [C6mim][I]/[C2mim][BF4]) [88]. The use
of the low viscosity [C2mim][BF4] allows three times faster I

3 diffusion through the
polymer (2.13 107 cm2 s1) than when only [C6mim][I] is present, which is reflected in an
improved Isc.
Solid-state electrolytes often suffer from inadequate pore filling of the TiO2
nanoparticle layer, and this poor contact can be very detrimental to the device efficiency.
Thus, it is often beneficial to fill the DSSC with a fluid electrolyte, i.e. above the ‘melt’
transition of the gel, or before polymerisation is initiated, and then effect the solidification/
polymerisation in situ. For example, only 2wt% of the gelator cyclohexanecarboxylic acid-
[4-(3-tetradecylureido)phenyl]amide can gel a mixture of [C3mim][I] and [C2mim][SCN]],
producing a quasi-solid state electrolyte with sol–gel transition temperatures of 108–120C,
depending on the ILmixture composition [89].D (I3 ) in the gelled system is only moderately
impacted by the gelation (3.59 vs 3.95 107 cm2 s1) and the device efficiency (6.3%) was
retained at over 95% after light soaking at 60C for 1000 h. In an alternative approach,
tetrabromomethylbenzene and polyvinylpyridine can be used as chemical cross-linkers for
the in situ solidification of an IL ([C3mim][I]), again with only minimal loss of current [80]; it
is postulated that micro-phase separation occurs during the gelation, which minimises the
retarding effects on triiodide diffusion. ILs derivatised with trimethoxysilane groups can
also be used to make gel electrolytes by sol–gel condensation [90,91].
The in situ polymerisation of an IL in a DSSC is non-trivial, as the gel electrolyte
synthesis must be achievable below the decomposition temperature of the dye, without
releasing by-products that are detrimental to device performance, and must be able to
proceed in the presence of any impurities (water, oxygen, etc.) [92]. Furthermore, the I/I3
redox couple can make in situ polymerisation difficult as iodine is a potent free-radical
inhibitor.
One solution to this is in situ photopolymerisation [86], where the polymerisation
proceeds at room temperature upon application of UV light. Such a technique is of
significant interest for the large-scale reel-to-reel manufacture of flexible DSSCs. In this
system, the hydroxyethylmethacrylate (HEMA) monomer and (ethylene glycol) diacrylate
(TEGDA) co-monomer and crosslinker, TiO2 nanoparticles were used as both the photo-
initiator and co-gelator, and the polymerisation proceeds by a charge-transfer mechanism
and therefore should not be affected by radical inhibition by the iodine [86]. The physical
hardness of the resultant gels is adjustable depending on the quantities of polymer and
TiO2 and the nature of the IL used. The Dapp (I

3 ), measured using a symmetrical cell, in
the gelled [C2mim][SCN] system is 4 107 cm2 s1, which is lower than that recorded in
the system prior to polymerisation (Figure 6) but is still similar to the diffusion rate
through many fluid IL systems (Table 1). The gelled system did show some diffusion
limitation in preliminary device testing, with the best energy conversion efficiency of
5.04% recorded at 0.39% sun, compared to 3.90% under 1 sun illumination. However, the
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diffusion rates through this gelled system are similar to those reported in IL systems that
have been physically gelled by addition of TiO2 nanoparticles [85,93].
The use of inorganic nanoparticles, such as silica or titania, to solidify ILs is a popular
alternative to the use of a polymer matrix. The use of such ‘fillers’ creates a nanocomposite
composed of organic and inorganic sub-phases, and the physical properties and transport
mechanisms in nanocomposites utilising materials other than ILs has been well studied
[94–99]. In the nanocomposite DSSC electrolyte systems, diffusion of the redox couple
occurs through the organic phase, while the inorganic material gels the electrolyte and can
also help to hold the electrodes together, which is of particular benefit when flexible
substrates are utilised.
The first report of the use of nanoparticles to gel ILs for use in DSSCs demonstrated
that this gelation can occur with no decrease inD (I3 ) (1.89 107 cm2 s1), indicating that
although the macroscopic viscosity of the gel is high, the I3 can still move through the
matrix at the same speed as it does in the liquid system [85]. This phenomenon was
attributed to the presence of open channels in the nanoparticle network [85], which is
analogous to the liquid microphases that are postulated to exist within the polymer gelled
systems discussed above.
Further, Katakabe et al. [93] reported an increase in the apparent rate of diffusion of
triiodide through an IL system upon nanoparticle addition. The use of SiO2 nanoparticles
to form a composite with [C2mim][NTf2]/[C2mim][I] had no detrimental effect on the ionic
conductivity of the material, even though the presence of increasing quantities of
nanoparticles changed the appearance from a gel to a powdery solid. Remarkably, Dapp,
calculated from the limiting CV current, increases from 1.97 to 2.64 107 cm2 s1 upon
the addition of nanoparticles. As the ionic conductivity of the material is unchanged, it is
assumed that the Dphys component of Dapp is also unchanged, and thus the observed
0
1
2
3
4
5
6
0.0 0.2 0.4 0.6 0.8 1.0
E (V)
I (m
A)
EMImSCN gel electrolyte BEFORE 
polymerisation, Dapp = 9.6x10–7 cm2/s
EMImSCN electrolyte; 
Dapp = 1.4x10–6 cm2/s
EMImSCN gel electrolyte AFTER 
polymerisation, Dapp = 4.0x10–7 cm2/s
Figure 6. Characterisation of symmetrical cells made of various electrolytes by potential sweep
voltammetry, and Dapp values for PMImI/EMImSCN (also called [C3mim][I]/[C2mim][SCN]), (65:35
v/v) with 0.6M [C4mim][I], 0.1M guanidinium thiocyanate (GNCS), 0.5M TBP and 0.2M I2 [86].
‘Dapp of the EMImSCN electrolyte is about one order of magnitude higher than the value
previously reported [89] for the PMImI/EMImSCN (65:35 v/v) electrolyte containing 0.2M I2 due to
its lower viscosity’. Reproduced with permission from reference [86].
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increase must arise from an enhancement of Dex [93]. As discussed above, Dex is a function
of the exchange-reaction rate constant, kex, the centre-to-centre inter-site distance at the
exchange reaction, , and the concentration of the redox species, c. Thus, the authors
postulate that in the nanocomposites there are I/I3 rich regions as a result of absorption
of the IL cations onto the surface of the SiO2 nanoparticles, and this increase in the local
concentration of the redox species enhances Dex [93]. However, in the devices reported, the
enhancement in Dex does not yield an increase in current or device efficiency [93].
It is interesting to note that not all ILs can be easily gelled by nanoparticle addition;
while 2wt% SiO2 is sufficient to form a solid gel with [C4mim][BF4], which remained solid
up to 85C and imparted good DSSC efficiencies and stabilities [87], no gelation of
[C4mim][I] was observed even with the presence of 6wt% SiO2. It is postulated that the
solidification of the former is a result of the self-assembly of hydrogen bonds between the
tetrafluoroborate anion (i.e. the strongly electronegative F) and the hydroxyl groups on
the silica, which is not possible in the iodide system.
The use of inorganic nanoparticles can be further exploited via the use of
functionalised silica particles as the iodide source within the DSSC electrolyte. Two
synthetic approaches to these materials have been investigated [100,101]; grafting of the
aminopropyltriethoxysilane onto activated silica followed by quaternisation with an alkyl
iodide (Figure 7a), or via the synthesis of new alkoxysilane precursors, with ethyl, heptyl
or dodecyl side chains, followed by grafting onto activated silica nanoparticles (Figure 7b),
which gives better product control. These new quaternary ammonium iodide silica-based
materials, with acetonitrile or 3-methoxyacetonitrile, gave photovoltaic efficiencies of up
to 8.6% at 0.1 sun, or up to 6.6% at 1 sun [100]. There is some diffusion resistance within
these electrolytes, as indicated by the non-linear increase in Isc with sun intensity, but these
nonetheless represent an interesting new type of material for the development of solid-state
DSSC electrolytes.
Figure 7. The different synthetic routes to functionalised silica materials, for use as iodide
sources [100].
386 J. M. Pringle and V. Armel
D
ow
nl
oa
de
d 
by
 [D
ea
kin
 U
niv
ers
ity
 L
ibr
ary
] a
t 1
7:1
6 0
6 M
ay
 20
14
 
3.4. Plastic crystal electrolytes
Liquid crystals and plastic crystals represent an attractive alternative to these gelled IL
systems, although there are some parallels between the different systems. The concept of
using liquid crystals is based on the strategy of promoting the I/I3 transport by
increasing the local concentrations of the species, as the liquid crystal self-assembles into a
layered structure [102,103]. Between 27C and 45C, 1-dodecyl-3-methylimidazolium
iodide forms a bilayer structure, with the long alkyl chains interdigitated and the iodide
species localised between the layers. Dapp, measured at 40
C using a microelectrode, is
higher for the [C12mim][I]/I2 liquid crystal system (4.2 0.2 108 cm2 s1) compared to
the non-liquid crystal [C11mim][I]/I2 mixture (3.2 0.1 108 cm2 s1) [102,103], despite
the significantly higher viscosity of the former, suggesting that conductive pathways are
formed in the material. There appears to be 2D electronic conductive pathways formed
between the smectic A layers, consisting of the imidazolium cations, within the liquid
crystal electrolyte material. Thus, while Dphys in the liquid crystal C12 material and non-
liquid crystal C11 material are similar (1.2 and 1.4 108 cm2 s1, respectively), the Dex
within the liquid crystal electrolyte is considerably higher (3.0 vs 1.8 108 cm2 s1) [103].
There is also an increase in the ratio of polyiodides to triiodide, as determined by Raman
spectroscopy, in the liquid crystal electrolyte, which is consistent with the proposed
increase in the local I/I3 concentration. Thus, localisation of the different iodide species
between the imidazolium cation layers enhances the exchange-reaction-based diffusion,
leading to an enhancement of Isc in the DSSC. The use of a gelator to solidify the
electrolyte also allows the sub-micron IL crystal domains to be preserved, while increasing
device performance [103].
Unlike liquid crystals, where the motion/conduction is anisotropic and principally
about one major axis, motion in a plastic crystal may be isotropic – it is diffuse and can
take place in all directions. The diffusion of I/I3 through succinonitrile-based
electrolytes, with ammonium iodide salts and iodine, can be two orders of magnitude
higher than in the liquid crystals, and an order of magnitude higher than through many IL
electrolytes (Table 2) [39,40,42,43]. Succinonitrile is the solid-state analogue of acetonitrile
and valeronitrile, which are well-established DSSC electrolytes, and lattice defects within
the material, such as vacancies and dislocations, allow good ionic mobility. The thermal
properties of the material, and the rate of I/I3 diffusion through the matrix, are affected
by the nature and concentration of the iodide salt used (Table 2) [39]. In some systems,
there is evidence of a eutectic transition, while in systems that contain higher
concentrations of iodine, there is no eutectic but the melting point is elevated and new,
higher temperature phase transitions occur. The ratio of iodide salt to iodine also impacts
the conductivity, with the highest value obtained for a 5:2 ratio of [NBu4][I]:I2 [39].
Although the conductivities of the systems with different cations are very similar, the
measured diffusion rates do show some dependence on the nature of the iodide salt used
(Table 2).
Using pulse field-gradient NMR it is possible to study the diffusion of species
containing NMR active nuclei, and thus the diffusion of the cation measured using this
technique can be compared to that obtained using electrochemical methods.
Unfortunately, DPFG of I
/I3 is very difficult to measure as a result of the large
quadrupole moment of I [104], which leads to very broad lines. Interestingly, in these
succinonitrile systems, the diffusion of the I, measured electrochemically, is considerably
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faster than that of either the cation or the I3 , which suggests that the transport mechanism
is not directly coupled to that of the matrix material, although it is likely that the
succinonitrile does facilitate ion movement in some manner, such as through molecular
rotations, as the conductivity of these systems is only measurable in the plastic phase [39].
The relative diffusivities of I vs I3 in different IL and plastic crystal systems will depend
significantly on their relative concentrations.
In our subsequent work, use of the [C4mpyr][I] salt was found to give similar diffusivity
values (Table 3), and the inclusion of common DSSC additives NMB [96,105,106] and LiI
[96,107] had no effect on the I/I3 diffusivities. The influence of 5wt% of SiO2
nanoparticles (7 nm) was also studied as such nanoparticle addition can enhance transport
properties and assist in the solidification of electrolytes, as discussed above. The inclusion
of these inorganic fillers also had no effect on the diffusion of the redox couple; all of the
succinonitrile-based electrolytes displayed diffusion coefficients of an order of magnitude
higher than the IL system tested and the same order of magnitude as the molecular solvent
system (Table 3). These results are consistent with the values reported by Chen et al. [42],
Table 3. The diffusion coefficients for I and I3 in succinonitrile-based electrolytes at 30
C,
measured using a microelectrode (5 mm radius) [21].
Succinonitrile-based electrolyte (30C)
Dapp I
 (107 cm2 s1)
(8%)
Dapp I

3 (10
7 cm2 s1)
(8%)
A1. [C4mpyr][I] (0.5M) and 0.1M I2 in
succinonitrile
22 37
A2. [C4mpyr][I] (0.4M), LiI (0.1M), I2 (0.1M),
NMB (0.2M) in succinonitrile
25 38
A3. [C4mpyr][I] (0.4M), LiI (0.1M), I2 (0.1M),
NMB (0.2M) 5wt% SiO2 in succinonitrile
24 36
IL [C4mim][I] (0.5M), I2 (0.1M) in
[C2mim][NTf2] 25
C
3.0 3.8
0.6M [C4mim][I], 0.03M I2, 0.1M GSCN,
0.5M TBP in 85:15 acetonitrile/
valeronitrile 25C
47 59
Table 2. The diffusion coefficients for I and I3 in succinonitrile-based electrolytes at 25
C,
measured using a Pt ultra-microelectrode (0.636 mm radius) and pulse-field gradient NMR [39].
Ammonium iodide (0.375M),
in succinonitrile, with I2 (0.15M)
Dapp/10
7 cm2 cm1 DPFG/10
7 cm2 s1
I I3 Succinonitrile R
þ
[NBu4][I] 44 10 14 6.6
[N(Me)2(Et)(Pr)][I] 59 2.4 4.7 1.3
[C2mim][I] 64 4.1 – –
[C1mim][I] 57 4.6 5.7 2.3
[C2mpyr][I] 68 35 12
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who studied the incorporation of SiO2 nanoparticles and [C2mim][BF4] into a
succinonitrile matrix; without the succinonitrile, the diffusion coefficients are an order
of magnitude lower.
Similarly, while we observe an increase in conductivity when the [C4mpyr][I] and iodine
are added to the succinonitrile, there is a negligible change upon the addition of LiI and
NMB or with the SiO2 nanoparticles [21]. This is consistent with the conductivity
behaviour of OIPCs, where the addition of inorganic filler has little effect if the original
OIPC material already exhibits high conductivity in its pure state [108].
The diffusion of I/I3 through OIPC electrolyte systems is also relatively fast (Table 4)
[20], despite the material being in the solid state. Such ‘fast ion conduction’ has also been
observed with lithium salts in these materials [35], hence their application as solid-state
lithium battery electrolytes [36–38]. The mechanism of ion conduction through these
materials has not yet been fully elucidated, but may be facilitated by rotator motions in the
matrix [44,109], through slip planes [110] or vacancies [111–113].
The primary advantage to utilisation of OIPCs as matrix materials, compared to
succinonitrile, is that they exhibit negligible vapour pressure and non-flammability even
when molten. The thermal properties of these materials is strongly influenced by the nature
of the cation, which is an additional advantage as it allows target specific selection or
design, to allow the development of materials with the optimum phase behaviour. For
example, it is desirable for the material to be in its most plastic phase, phase 1, within the
operating temperature of the DSSC, while a melting point that is accessible at
temperatures suitable for the reel-to-reel printing of the DSSCs is highly desirable.
As for succinonitrile, the thermal behaviour of the OIPC electrolyte systems is influenced
by the composition; the addition of significant quantities of different iodide salts, iodine,
etc., can result in depression of the melting point and additional features in the thermal
traces. Nevertheless, all of the OIPC-based electrolytes discussed below remain in the solid
state over a suitably wide temperature range; for example [C1mpyr][N(CN)2], which allows
the highest diffusivities, has a melting point of 87C, above which point it becomes an IL.
It is, however, important to note that thermal analysis of plastic crystal systems, either
molecular or ionic, by differential scanning calorimetry, does not reveal the detailed
Table 4. The diffusion coefficients of the redox species in different OIPC-based
electrolyte systems at 80C, measured using a symmetrical cell [20].
OIPC electrolyte (80C)
D (I3 /10
7 cm2 s1)
(8%)
D (I/107 cm2 s1)
(8%)
[C1mpyr][N(CN)2] 6.2 4.2
[Et4N][N(CN)2]
a 5.4 3.3
[C2mpyr][BF4] 4.4 1.1
[C2mpyr][NTf2] 3.2 3.9
[C1mpyr][I] 2.8 2.5
[C1mpyr][SCN] 2.1 2.1
[C1mpyr][PF6] 1.5 0.74
Notes: For chemical structures, see Figure 2.
aPartially molten at 80C.
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morphology of the electrolyte materials. One or more of the added components may exist
predominantly at the grain boundaries, a region that is believed to be an important
facilitator of mass transport through these materials as they are more highly defected than
the bulk crystal [110]. At an extreme, these grain boundary regions may represent a
separate phase that exists within the bulk solid. This may be considered analogous to the
‘microphases’ discussed in relation to the gelled IL/polymer systems, which are also
beneficial to diffusion of the redox species. Thus, while some of conductivity mechanisms
within plastic crystal materials may be correlated with motion of the matrix material (i.e.
the rotating door mechanism), other mechanisms, such as along slip planes or grain
boundary regions, are more analogous to those discussed previously, where there may be
local concentration gradients or enhanced conduction pathways that are not directly
linked to the motion of the matrix.
Within the different OIPC electrolyte materials, there is a significant influence of the
cation and anion on the diffusion rates, with [C1mpyr][N(CN)2] enabling both the highest
diffusivities and conductivities, although it is interesting to note that trend in the
conductivities (Figure 8) of these different electrolytes is not the same as the trend in
diffusivities [20]. The strongest molecular structure influence appears to come from the
anion as the diffusivities in different [C1mpyr] salts include both the slowest and fastest
measured, indicating that the anion has an over-riding influence.
It is possible to determine whether diffusion is the limiting factor determining Isc in a
DSSC by studying the dependence of current with light intensity (e.g. Figure 8b); if it is not
linear, as is commonly the case at low I/I3 concentrations or in solid-state electrolyte
systems, then D (I3 ) must be improved to obtain the maximum Isc.
The diffusion limitation of triiodide in IL or plastic crystals may be improved to a
certain extent by increasing the concentration, but it is important to note that there will be
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Figure 8. (Colour online) (a) The temperature dependence of the ionic conductivity of the different
OIPC-based solid-state electrolytes, with [C2mim][I] (2.5M, except for the [C1mpyr][I] electrolyte
where no [C2mim][I] was added), LiI (0.1M), I2 (0.23M) and NMB (0.25M, except for the
[Et4N][N(CN)2] electrolyte where no NMB was added due to phase separation), 20 reproduced by
the permission of The Royal Society of Chemistry and (b) An example plot of current vs sun
intensity, to determine diffusion resistance.
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an optimum concentration for each system, beyond which this will have a detrimental
effect on the efficiency of the cell as the current can start to decrease due to absorption of
light by triiodide, and/or high charge recombination between the triiodide and the
electrons in the TiO2, which will increase the dark current. This is an important
consideration for the development of IL or plastic crystal-based DSSC electrolytes, as
higher concentrations of the triiodide are frequently used to compensate for the increased
viscosity compared to molecular solvents. Thus, such devices often suffer from higher
recombination rates. Further, the optimum redox composition will likely depend on the
nature of the IL or plastic crystal used; as discussed, it is apparent that the nature of the IL
influences the transport mechanisms (the values of Dphys and Dex) and, as discussed further
below, the nature and composition of the electrolyte determine the redox potential of the
electrolyte (which influences Voc) and will also alter the Fermi level of the photoanode
[114]. Hence, there is a complex inter-dependence of these different factors, all of which
contribute to the ultimate device efficiency.
Finally, when considering transport of the redox couple through the different IL and
plastic crystal-based DSSCs, it is important to note that diffusion limitation of the
triiodide through the nanostructured TiO2 layer, not just the bulk electrolyte, can
significantly influence device efficiency [105]. Thus, for these more viscous systems, a
thinner semiconductor layer may be beneficial, while certain types of semiconductor
nanostructures may also be beneficial for plastic crystal electrolytes [106]. The reduced
light absorption of these thinner layers may be counteracted by the use of a photosensitiser
with a higher extinction coefficient, which is one of the motivations behind the
development of organic dyes for IL-based DSSCs over the more traditional Ru-based
dyes such as N719 [115] or Z907 [68]. The development of different photosensitisers for
DSSCs is discussed in more detail later.
4. Energetics
4.1. Pure ILs
When considering the influence that different electrolytes have on the electron levels within
a DSSC, it is useful to asses simply the interaction between the electrolyte and the
semiconductor, in the absence of any photosensitisers, co-absorbents, etc., which will also
exert an influence. When an n-type semiconductor is brought into contact with a redox-
containing electrolyte, movement of charge between the two phases occurs until the
electrochemical potentials are equal and two phases are in equilibrium. For an n-type
semiconductor such as TiO2, if the Fermi level is higher than the energy level of the redox
couple (its redox potential) then electron transfer will occur from the conduction band of
the semiconductor into the electrolyte, causing a deficit of the majority charge carrier, and
then a depletion layer is established in the semiconductor. The reverse happens when the
energy level of the semiconductor is lower than that of the electrolyte. The flat-band
potential, Vfb, is the potential at which the semiconductor bands are flat, i.e. there is zero
space charge in the semiconductor and no band bending, which can be achieved by
variation of the applied potential across the interface. Measurement of Vfb of a
semiconductor can be achieved through dark current and photocurrent measurements as a
function of potential difference [107], electro-optical methods [116], electro-modulated
infrared spectroscopy [117], spectroscopy measurements [118] or, most commonly,
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capacitance measurements [119,120]. We have performed preliminary studies using the
capacitance method to determine both Vfb from the Mott–Schottky plot and also the flat-
band potential calculated using the method of Albery et al. [121], which takes into account
the Helmholtz capacitance of the ILs and good agreement in terms of trends between the
two results was found in most cases, with differences predominantly within experimental
error [62,122]. Determination of the flat-band potential of TiO2 electrodes while in contact
with a range of different ILs allows insight into the effect of this type of concentrated
charged medium on the semiconductor-electrolyte interface, and determination of any
structure–property dependence.
These preliminary studies indicate an influence of the nature of the IL on the flat-band
potential of the TiO2 electrode. The [C2mim][NTf2], [C2mim][FSI] and [C2mim][B(CN)4]
TiO2 systems have similar Vfb values; 0.54, 0.55 and 0.52V vs. SCE (1M LiCl),
respectively. These anions are considered to be ‘neutral’ in the Lewis acid/base sense [123].
Although they do impart a slight shift in the basic direction compared to Vfb of the TiO2
aqueous medium at pH 7 (0.453 0.011V) [62,122], it is mostly likely an influence of the
charge on the anion. There is a less substantial change in Vfb with different IL cations, with
values ranging from 0.50 to 0.35 (10%) with the NTf2-based ILs, suggesting that it is
the electron donating ability of the anion that is the dominant effect. The basic
[C2mim][N(CN)2] gives the most negative Vfb,with 0.80V vs SCE.
We have also studied the influence of acidic and basic components in the ILs, with a
small amount of a very strong acid (HNTf2) added to [C2mim][NTf2] and
[C2mim][B(CN)4]; only 0.01wt% HNTf2 produced a positive shift of 0.34V 10%, and
a larger addition of acid led to a greater shift. Similar behaviour was observed in
[C2mim][B(CN)4] [62,122]. Thus, the presence of protons, and hence a lower pH, has a
significant influence on the conduction band edge of the TiO2 when in these otherwise
‘neutral’ ILs and it is important to consider that even the source of the IL, and therefore
the purity [124], may impact on the energy levels, and thus Voc, of DSSCs.
The energy levels of the semiconductor can be manipulated to optimise the open circuit
voltage of a DSSC, and this is commonly effected through the use of basic additives
such as 4-tert-butylpyridine (TBP) [115,125–127, 104], N-methylbenzimidazole (NMB)
[128–130] or N-butylbenzimidazole (NBB) [130]. These can increase Voc through inhibition
of the unwanted back electron transfer at the interface between the TiO2 and the
electrolyte and alterations in the position of the Fermi level of the TiO2. It is believed that
these bases coordinate to the TiO2 in areas that have not been covered by the photoactive
dye, and thus electron transfer from the semiconductor surface to the triiodide, which
reduces the triiodide, is suppressed. This results in significant improvements in the Voc,
with a larger effect observed for smaller bases as they are more accessible to the TiO2
surface [131].
Small cations such as Liþ or Mg2þ are also commonly used as additives within IL or
molecular solvent-based DSSC electrolytes; these can also absorb onto the TiO2 surface
and thereby positively charge the surface layer, which inhibits the undesirable electron loss
(back-transfer into the dye or the redox couple) and drives the electron injection in the
desired direction [128,132]. Finally, guanadinium thiocyanate (GNCS) is also often used to
enhance the photovoltage and stability, although the exact mechanism is the subject of
some debate [133–135], CuI has also been used, in combination with an IL [136], and
co-absorbents such as phosphinic acids, applied to the semiconductor surface at the same
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time as the dye, can also improve the stability of the Voc and photovoltaic efficiency of the
DSSC [135,137].
Our analysis of the influence of these additives on the Vfb of TiO2 in the [C2mim][BF4]
and [C3mpyr][NTf2] shows that only 0.2M NMB in [C2mim][BF4] changes Vfb negatively
by ca. 300mV, while additional NMB had only a minor effect [62,122]. This is consistent
with the behaviour of the [C3mpyr][NTf2] system, where 0.5M NMB shifted Vfb negatively
by ca. 200mV. Finally, the addition of 1.3wt% water to the [C2mim][NTf2] IL system
resulted in only a small shift in Vfb (0.04V 10%), which is smaller than the shift observed
with the same amount of water in an acetonitrile-based electrolyte (0.145 0.064V),
possibly as a result of the more effective screening of the TiO2 by the IL. If DSSCs are less
susceptible to changes in Voc as a result of the presence of water, either as a pre-existing
impurity or absorbed into the device over time, then this is an additional advantage for the
efficiency and long-term stability of IL-based DSSCs.
4.2. IL electrolytes
Both the composition of the electrolyte and, as discussed below, the nature of the IL can
significantly alter the open circuit voltage of a DSSC [114]. The Voc is determined by the
difference between the flat-band potential and the potential of the redox couple, and the
redox potential of the couple is given by the Nernst equation:
ERedox ¼ Eo  RT
nF
ln
½I3 	
½I	3 ,
where, in this case, Eredox is the redox potential of the I

3 /I
 couple, Eo is the standard
potential, R is the gas constant, T is the absolute temperature, F is the Faraday constant,
[I3 ] is the concentration of the triiodide and [I
] is the concentration of the iodide [57].
Thus, an increase in iodide concentration will give a positive shift in the I/I3 redox
potential [138]. This was demonstrated by Kawano et al. [58] for the [C2mim][NTf2] system
and Yu et al. [138] for a [C2mim][B(CN)4]/[C3mim][I] system, who report a positive shift in
the redox potential with increasing iodine concentration, as predicted by the Nernst
equation.
Consistent with the measured flat-band potentials of the TiO2 electrodes, the
imidazolium dicyanamide ILs consistently impart high open circuit voltages in Ru-
based DSSCs [68,139]. This is also true when the ILs utilise different cations, such as those
with nitrile or vinyl functional groups on the imidazolium cation [140], or for those
utilising tetrahydrothiophenium cations [73].
There is a whole family of cyano-based anions that form ILs of interest in DSSCs [41];
the thiocyanate [141], dicyanamide [142,143], tricyanomethide [144] and tetracyanoborate
[145] (Figure 2). We have also recently developed ILs utilising the related cyanate (OCN)
anion [146], and testing of these ILs in DSSCs is underway. All of these anions impart low
viscosities when combined with the [C2mim] cation, with the lowest for the tricyano-
methide species (19.6 cP at 25C for [C2mim][C(CN)3]) [41]; this anion is also expected to
exhibit less ion pairing as a result of its planarity and increased charge delocalisation. It is
also less hygroscopic than the dicyanamide, which could be a significant benefit for
handling and device preparation. The [C2mim][C(CN)3] IL, as a 1:1 binary system with
[C3mim][I], has been used to produce 7.4% efficiencies with a Ru-based dye [147].
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The [C2mim][B(CN)4] is also quite fluid (19.8 cP at 20
C) [69], as a result of the charge
delocalisation over the four cyano groups, and this IL can give 7% efficiencies when
combined with [C3mim][I] [69], or 8.2% when used in a ternary melt [75].
The way that these different CN-based anions interact with the semiconductor surface
can have a significant effect on the relative open circuit voltages of the DSSCs, in some
cases sufficient to over-ride the influence of electrolyte viscosity, although this also
depends on the nature of the photosensitiser used. It has also been reported that the SCN
anion may react with iodine to form other pseudo halides, such as I2SCN [148,149], which
could affect the transport and energy levels within the DSSC.
Study of tetrahydrothiophenium-based ILs, with the Ru-based Z907Na dye, showed
that while the lower viscosity [C(CN)3] IL produces higher short-circuit currents, the
[N(CN)2] anion gives higher open circuit voltages [73]. The efficiencies achieved with these
ILs are similar to those of the imidazolium-based species (6.9% at 1 sun for the [C(CN)3]
system and 6.5% for the [N(CN)2]). Measurements of the photocurrent and photovoltage
transients suggest that the [N(CN)2] anion passivates the TiO2 surface, in the areas not
completely covered by the dye, decreasing the density of states and increasing the Voc [73].
This is consistent with the higher electron density on the nitrogen of the [N(CN)2]
compared to the carbon of the [C(CN)3], which allows stronger coordination with the
TiO2, analogous to the interaction of NMB with TiO2. However, this passivation can
increase charge recombination at the electrode/electrolyte interface as the quasi-Fermi
level is higher (more negative) in the [N(CN)2] system, consistent with the Vfb results on the
un-dyed TiO2 film, which increases the driving force for recombination. However,
electrical impedance studies indicate that in the [C(CN)3] system the electron diffusion
length is larger, which contributes to the larger short-circuit current [73]. Similarly, in
DSSCs utilising the Ru-based C106 dye, the [C2mim][N(CN)2] IL gave significantly
(80mV) higher Voc than the [C2mim][B(CN)4], although the Isc achieved from the latter
was again higher (14.34 vs 11.70mAcm2) [150]. In this case, the higher Voc imparted by
the [N(CN)2] anion does not compensate for the lower Isc, with overall device efficiencies
of 7.54% for the [C2mim][B(CN)4] device and 7.32% for the [C2mim][N(CN)2] [150].
However, using this same dye, with optimisation of the quantity of lithium ions in the
electrolyte, the authors have subsequently achieved 8.4% efficiency with the
[C2mim][N(CN)2] system [151].
There has been a plethora of new photosensitisers reported for use with ILs [10,13,14],
with the best efficiency currently attainable with the Ru-based dye termed C103, and a
cholic acid-based co-adsorbent, which, when used with the tertiary IL system [C1mim][I]/
[C2mim][I]/[C2mim][B(CN)4]/I2/NBB/guandinium thiocyanate (GNCS) (molar ratio
12/12/16/1.67/3.33/0.67), gives an efficiency of 8.5% at 1 sun, and just over 9% at lower
light intensities [19]. This dye, which utilises electron-rich 3,4-ethylenedioxythiophene
units, has a metal-to-ligand charge-transfer absorption band that is red-shifted by 27 nm
compared to the Z907 dye, which gives better spectral matching and a significantly better
peak molar extinction coefficient, allowing a thinner semiconductor layer to be used,
which helps to address the problem of shorter electron diffusion lengths in the IL cells.
It is again important to note that the performance of a sensitiser will depend on the
matching of its energy levels with that of the electrolyte and the semiconductor which, in
turn, depends on the nature and composition of the electrolyte material. A high triiodide
concentration, which is necessary for the optimum performance of IL or plastic crystal
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electrolytes, will alter the redox potential, increase the charge recombination rate, etc. For
example, there is a reduction in efficiency of the C103 dye upon moving from a molecular
solvent system to the ternary [C2mim][B(CN)4] IL system, which appears to be primarily
due to a drop in Voc, from 771 to 710mV, which is believed to be a result of the 45mV
negative shift in the electrolyte redox potential in the IL system [19].
Similar behaviour is also observed when ILs are used in DSSCs with organic dyes.
As mentioned above, the development of new organic sensitisers for IL-based DSSCs is
driven not only by the expense and scarcity of Ruthenium metal, but also by the limited
molar extinction coefficient of Ru-based sensitisers. This can be two to three times greater
for organic dyes, which is beneficial for the use of thinner semiconductor layers, to counter
the effect of the limited electron and triiodide diffusion, although the organic dyes do have
a narrower spectral response than the best Ru dyes. Comparison of [C2mim][B(CN)4] and
[C2mim][N(CN)2] systems in DSSCs utilising an organic dye based on a push-pull
chromophore (termed C218) showed that again the [N(CN)2] anion imparts better open
circuit voltages, as a result of a higher conduction band edge, although this is partially
offset by a higher recombination rate [152]. The response of the organic dye is also better
in the more fluid [B(CN)4] system, with a higher IPCE maximum and better exciton
dissociation yields, thus giving a better short-circuit current [152].
As for Ru-dyes, the highest device efficiency attained thus far in an IL/organic dye
DSSC is for a dye that utilises a 3,4-ethylenedioxythiophene unit (C205) [153], which again
gives a red-shift in the absorbance spectra and produces 7.6% efficiency at 1 sun when used
with the ternary [C2mim][B(CN)4] IL system. Again the high triiodide concentrations in
the IL gave a higher charge recombination rate than for the molecular solvent devices, and
the difference in redox electrolyte potentials (17mV) caused a decrease in Voc. It is also
postulated that in the acetonitrile/valeronitrile device, there are fewer electron trapping
states below the conduction band edge of the TiO2, as a result of effective passivation of
the surface by the GNCS and NMB additives, as discussed above, which is believed to be
less effective in the IL electrolyte [153]. The fewer electron trapping states and higher
electron density is thus believed to raise the electron Fermi level of the TiO2 in the
molecular solvent system [153].
We also observe high open circuit voltages with [N(CN)2]-based ILs when used in Zn
porphyrin-based DSSCs, but as stated above, the short-circuit current imparted by the
[B(CN)4] more than compensates and provides the best efficiency; 4.9% at 1 sun (Table 5)
[154]. There is significant interest in mimicking nature through the development of
porphyrin dyes for DSSCs [155–159], and this first report of porphyrin-DSSCs with IL
electrolytes utilised the ternary IL mix [C1mim][I]/[C2mim][I]/IL/LiI/I2/NMB (molar ratio
12: 12: 16: 1: 1.67: 4), with an efficiency of 4.9% achieved using the [C2mim][B(CN)4] IL.
There is no clear correlation between the device efficiency and the physical properties of
the ILs; although [C2mim][SCN], [C2mim][N(CN)2] and [C2mim][B(CN)4] show similar
viscosities and iodide/triiodide diffusivities (Table 1), the latter yields significantly higher
currents. As for the Ru-based devices, the [N(CN)2] anion imparts good open circuit
voltages, indicating interaction with the semiconductor surface, but it is postulated that the
hygroscopic and basic [C2mim][SCN] and [C2mim][N(CN)2] also interact with the
porphyrin dye in a mechanism that is detrimental to device performance.
It is interesting to note that the highest Voc is actually achieved with the recently
reported [160] [P1224][NTf2] IL (Table 5) [154], although the Voc for Zn porphyrin-based
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DSSCs are still lower than Ru-based DSSC, even with an acetonitrile-based electrolyte,
which likely a result of reduced electron lifetimes [155].
One potential strategy to compensate for the lower Voc values achieved in the
porphyrin DSSCs is the addition of inorganic nanoparticles. A survey of the literature for
Ru-based IL DSSCs [82,93,161,162] shows that both TiO2 and SiO2 nanoparticles can
enhance Voc in IL or solid-state DSSCs, although the origin of this enhancement is not
clear at present.
Usui et al. [82] have compared the effect of adding single and multiwalled carbon
nanotubes, carbon fibres, carbon black and TiO2 nanoparticles to a [C2mim][NTf2]-based
IL system ([C2mim][I], LiI, I2 and TBP in [C2mim][NTf2] with 0.8wt% water, with a Ru-
based dye). All of these different additives increase the Voc of the DSSCs (from 648 to
675mV upon TiO2 addition) and the device containing the TiO2 gave the best efficiency
(5%). The IL becomes a physical gel in the presence of the TiO2 nanoparticles, as discussed
above, and the resistance of the IL electrolyte is only slightly reduced by addition of the
nanoparticles, whereas other carbon-based materials had a very significant effect. Thus,
the mechanism through which the TiO2 enhances Voc is not clear; the authors postulate an
increase in the local concentration of I/I3 as a result of coordination of the [C2mim]
cations with the TiO2 surface [82], increasing the Dex contribution of the diffusion
mechanism, although the relative diffusion rates in the different materials are not given.
Katakabe et al. [93] have subsequently reported an enhancement in Dex upon the use of
SiO2 nanoparticles to form a composite with [C2mim][NTf2]/[C2mim[I], which is again
postulated to be a result of increased local concentrations of the redox couple, although
this does not translate to an increase in Isc in the device, and there is an observed decrease
in the charge-transfer resistance in the composite electrolytes. Interestingly, the only
benefit of the nanoparticles in terms of the photovoltaic characteristics of these Ru-based
DSSCs, aside from the practical advantages of having a solid-state electrolyte, is a
reported increase in the Voc, from 580 to 592mV.
Table 5. Photovoltaic characteristics of DSSCs with porphyrin P159 using different ILs in
electrolyte [C1mim][I]/[C2mim][I]/IL/LiI/I2/NMB, after light soaking for 30min [154].
IL Voc (mV) Isc (mA cm
2) Fill factor  (%)
[C2mim][B(CN)4] 624 (5) 11.9 (0.2) 0.66 (0.02) 4.9 (0.1)
[C2mim][NTf2] 647 (2) 8.3 (0.6) 0.78 (0.01) 4.2 (0.1)
[C2mim][SCN] 649 (4) 5.3 (0.4) 0.78 (0.01) 2.7 (0.2)
[C2mim][BF4] 613 (3) 5.8 (0.1) 0.74 (0.01) 2.6 (0.1)
[C2mim][N(CN)2] 652 (10) 6.9 (0.3) 0.73 (0.04) 3.2 (0.2)
[P222 (1 0 1)][NTf2] 631 (4) 8.9 (0.3) 0.70 (0.03) 3.9 (0.2)
[P222 (2 0 1)][NTf2] 649 (5) 7.4 (0.5) 0.74 (0.02) 3.6 (.1)
[P1224][NTf2] 664 (6) 7.0 (0.3) 0.76 (0.01) 3.5 (0.1)
[N2226][NTf2] 636 (7) 7.9 (0.2) 0.75 (0.03) 3.8 (0.1)
[N1123][NTf2] 644 (4) 7.8 (0.1) 0.78 (0.01) 3.9 (0.1)
Standard acetonitrile-valeronitrile electrolyte
ACN 698 (7) 12.3 ( 0.1) 0.69 (0.05) 6.0 (0.1)
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4.3. Plastic crystals
We have also observed a significant (47 6mV) improvement in Voc on addition of SiO2
nanoparticles to porphyrin DSSCs utilising succinonitrile-based electrolytes (Table 6,
Figure 9) [21]. Using this plastic crystal electrolyte, with 5wt% SiO2 nanoparticles, we
achieve 4.8% device efficiency at 1 sun, which is remarkably similar to the 4.9% efficiency
previously reported for DSSCs utilising the [C2mim][B(CN)4]-based electrolyte with this
porphyrin dye (Table 5). This efficiency increases to 5.3% at 15% sun, indicating some
diffusion limitation in the device, which is not overcome by the addition of the SiO2
(Table 3). Nevertheless, it is interesting to note that the Voc achieved in this succinonitrile
plastic crystal system (712 2V) is considerably higher than any achieved with the ILs, even
the [N(CN)2] species that usually imparts excellent Voc, or with the acetonitrile-based
electrolyte (Table 5). We have postulated that the SiO2 can coordinate with any residual
moisture present in the electrolyte, thus protecting the surface of the TiO2 layer from water,
which can be detrimental to Voc, and it is interesting to note that the Voc enhancement
observed by Usui et al. [82] was in an IL system that contains water. However, this
significant effect certainly warrants further investigation, and electron lifetime and diffusion
measurements are underway. It may be that the use of inorganic nanoparticles is an effective
route to compensating for the inherently lower electron lifetimes of the porphyrin dyes [155].
Finally, it is interesting to note that the high open circuit voltages imparted by the
[N(CN)2] anion in IL DSSCs is not only unique to ILs, but is also observed within the
OIPC materials (Figure 10, Table 7). Unfortunately, OIPCs utilising [C(CN)3] or [B(CN)4]
anions are not yet at a sufficient level of development to allow DSSC testing, but it is clear
that compared to other OIPC anions including the SCN, the [N(CN)2] has the most
advantageous effect on the energy levels of the device. Thus, in the solid state, this anion
retains its ‘basic’ character, enhancing its coordination and charge transfer with the TiO2
and shifting the conduction band to more negative potentials. This effect, in combination
with the high currents effected by the excellent diffusivities in the [C1mpyr][N(CN)2]
electrolyte (Table 4), enables device efficiencies of over 5% efficiency at 1 sun. At 68% sun
intensity, the performance of the device rises to 5.3%, indicating the additional promise of
the devices in low-light applications. However, this is only a minimal diffusion limitation
in device efficiency, which is promising behaviour for a solid-state electrolyte as it implies
that further modifications of the DSSC, such as the nature of the dye or alterations to the
structure or composition of the semiconductor layer, may further enhance device
performance.
Table 6. Photovoltaic characteristics of the solid-state succinonitrile-based porphyrin DSSCs (data
are mean and standard error of n¼ 4 cells in each case) [21].
Electrolyte Voc (mV) Isc (mA cm
2) Fill factor  (%)
A1. [C4mpyr][I] (0.5M) and I2 (0.1M) in
succinonitrile
674 (2) 6.1 (0.4) 0.74 (0.01) 3.1 (0.1)
A2. [C4mpyr][I] (0.4M), LiI (0.1M), I2 (0.1M),
NMB (0.2M) in succinonitrile
665 (4) 8.4 (0.2) 0.75 (0.02) 4.2 (0.2)
A3. [C4mpyr][I] (0.4M), LiI (0.1M), I2 (0.1M),
NMB (0.2M)þ 5wt% SiO2 in
succinonitrile
712 (2) 9.2 (0.1) 0.73 (0.02) 4.8 (0.2)
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5. Concluding remarks and outlook
In summary, both the transport properties and energetics of IL and plastic crystal
electrolytes can have a significant impact on the overall efficiency of DSSCs. The rate of
diffusion of I/I3 in IL-based electrolytes is predominantly of the order of 10
7 cm2 s1;
the most fluid, such as those utilising [C2mim][B(CN)4], can achieve just over
100 200 300 400 500 600 700 800 900 1000
0
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10
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[C2mpyr][NTf2]
[C1mpyr][SCN] 
Figure 10. (Colour online) Photocurrent density–voltage characteristics of DSSCs with the OIPC
electrolytes at 100% sun [20]. Reproduced by the permission of The Royal Society of Chemistry.
Figure 9. (Colour online) Current–voltage characteristics of the DSSCs with the P159 porphyrin dye
and solid-state succinonitrile electrolytes A1, A2 and A3, at 100% sun intensity [21]. Reproduced by
the permission of The Royal Society of Chemistry.
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7 107 cm2 s1, while those composed of more viscous ILs are only ca. 2 107 cm2 s1.
However, there does not appear to be a strict dependence of D (I3 ) in the electrolytes on
the viscosity of the neat ILs, indicating an influence of the nature of the IL on the Grotthus
mechanism of I/I3 diffusion through these materials, possibly with an impact on both
Dphys and Dex. The use of polymers or inorganic nanoparticles to gel the IL electrolytes can
be achieved without decreasing the redox couple diffusion, possibly as a result of liquid
micro-phases or areas of higher local redox couple concentrations within the material. The
diffusion through OIPCs reaches this order of magnitude when heated to 80C, while they
are still in the solid state. Remarkably, at room temperature D (I/I3 ) through solid-state
succinonitrile-based electrolytes can be an order of magnitude higher than through IL
systems, which is very promising for the development of these materials in solid-state
DSSCs.
Measurement of the flat-band potential of TiO2 in ILs has shown that ‘basic’ ILs,
such as [C2mim][SCN] and [C2mim][N(CN)2], shift Vfb to more negative potentials
compared to ‘neutral’ ILs, such as [C2mim][NTf2] and [C2mim][B(CN)4], in a manner
similar to the use of bases such as TBP, which coordinate strongly to the TiO2 layer.
This is consistent with the observation that utilisation of the dicyanamide anion imparts
high open circuit voltages, both in IL and OIPCs systems. However, this can also
increase the rate of charge recombination. In contrast, the [C2mim][B(CN)4] IL systems
generally give better short-circuit currents, often sufficiently better to result in a
higher overall devices efficiencies, which may be a result of increased electron diffusion
lengths or enhanced diffusion. Thus, the most efficient IL-based DSSC electrolyte reported
to date is based on a ternary eutectic mixture with this species. We have also observed the
ability of inorganic nanoparticles such as SiO2 within IL or succinonitrile-based
electrolytes to increase Voc, although the origin of this enhancement is not yet well
understood.
The above discussion has focused on what we consider to be two parameters of key
importance for the fundamental development of efficient DSSCs with IL and plastic
crystal electrolytes, their transport properties and influence on energy levels within the
device. However, that is not to suggest that other parameters may not be equally or more
important in practical device development; there are a plethora of inter-related processes
within a DSSC, any of which may be performance limiting, particularly when aspects of
the device are un-optimised, e.g. in the investigation of new photosensitisers,
Table 7. The photovoltaic parameters of the DSSCs with different plastic crystal electrolytes
(average of four cells reported) [20].
OIPC matrix Voc (mV) Isc (mA cm
2) Fill factor  (%)
[C1mpyr][N(CN)2] 775 (5) 8.6 (0.2) 0.77 (0.02) 5.1 (0.2)
[C1mpyr][I] 738 (3) 5.7 (0.5) 0.78 (0.01) 3.4 (0.5)
[Et4N][N(CN)2] 808 (5) 4.1 (0.7) 0.79 (0.01) 2.8 (0.4)
[C2mpyr][BF4] 616 (7) 5.4 (0.5) 0.72 (0.01) 2.4 (0.5)
[C1mpyr][PF6] 608 (7) 5.6 (0.2) 0.70 (0.02) 2.3 (0.4)
[C2mpyr][NTf2] 650 (5) 4.1 (0.6) 0.79 (0.01) 2.1 (0.2)
[C1mpyr][SCN] 736 (5) 3.2 (0.5) 0.79 (0.01) 2.0 (0.5)
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electrocatalysts, semiconductor materials or morphologies, etc. There is currently intense
investigation into development of these and other aspects of DSSC, in addition to the
different challenges associated with the development of flexible devices or large-scale
DSSC modules and enhancement of the long-term stability, which are outside the scope of
this review. However, it is important to note that optimisation of these different aspects
will also depend on the nature of the electrolyte, e.g. to take into account the requirement
for higher I/I3 concentrations, and the resultant changes in electrolyte energy levels and
back reactions, or the requirement for thinner semiconductor layers, and hence higher
extinction coefficient dyes. Research into the development of alternative counter electrode
materials has also increased in recent years [3,5,163–167] and IL or plastic crystal-based
systems may benefit from different materials, morphologies, etc., than the molecular
solvent-based devices. Even the use of common additives such as NMB or LiI, which have
been well-researched for the optimisation of energy levels within molecular-solvent-based
DSSCs, may work differently with these new electrolytes.
Optimisation of IL or plastic crystal electrolytes with respect to the diffusion and
energy levels within a DSSC is also complicated by a number of interrelated factors, and it
should not simply be assumed that the least viscous IL will yield the highest device
efficiencies. The transport of I/I3 through the electrolyte is influenced by both the
physical diffusion and the exchange reaction, neither of which appear to be strictly
correlated to the viscosity of the medium (even in a pure IL, different degrees of ion
pairing will affect the diffusion of the cation and anion, as illustrated by PFG-NMR and
Walden plot analysis, and thus the same is likely to be true for Dphys in IL electrolyte
systems) and the influence that the nature of the IL has on Dex of I
/I3 is not yet fully
understood. It has been postulated that a more dense IL will enhance Dex, but this
requires further investigation. Both Dphys and Dex depend significantly on the
concentration of I and I3 in the electrolyte, and finding the optimum concentration is
a balance between achieving high diffusivity without detrimental increases in the rate of
back reactions, light absorption, etc. Changes in the redox concentration will also change
the redox potential of the electrolyte, which impacts the Voc of the devices. Furthermore,
we have shown that the nature of the IL can affect the flat-band potential of the
TiO2 semiconductor to different degrees, and further investigation is required to fully
elucidate the effect of the IL in the presence of I/I3 and with different photosensitisers.
The nature of the IL and plastic crystal electrolytes, and even the presence of inorganic
nanoparticles in the electrolyte, has been shown to exert a significant influence on Voc.
Thus, there is a delicate balance between the energy levels of the electrolyte, dye and
semiconductor within a DSSC, which impacts on both the Voc and Isc, creating a complex
matrix for optimisation. Futhermore, factors such as the electron lifetime and diffusion,
injection efficiency, etc., can all be influenced by the nature and composition of the
electrolyte.
Nonetheless, despite the complexities involved in optimising DSSC technologies, the
outlook is promising, and for the development of long-term devices, the use of non-volatile
electrolytes such as ILs or plastic crystals may be paramount. Ultimately, for a completely
non-volatile electrolyte, the I/I3 redox couple must be replaced, although, despite intense
investigation [168,169], no equally effective and stable alternative has yet been found. ILs
often impart good fill factors in DSSCs, which is another important device parameter that
requires optimisation in different electrolyte systems; this effect is believed to be the result
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of effective screening of electric charges, with the high ion concentration enabling
increased charge separation and better electron diffusion rates in the working electrode,
although the exact mechanism is not fully understood, and this benefit is also evident in
the OIPC devices.
Improvements in the efficiency of DSSCs with solid-state electrolytes is likely to be of
considerable importance in the development of long-lasting DSSCs, and it is encouraging
to note that both gelled ILs and plastic crystal-based devices can allow I/I3 diffusion
rates similar to those in IL electrolytes. It is predicted that the advancement of solid-state
electrolytes will be particularly beneficial to the ability to produce DSSCs on flexible
plastic substrates by reel-to-reel processing techniques, which will be a huge step towards
commercially viable devices.
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